Intact cells of Saccharomyces cerevisiae were able to endocytose FITC-dextrans of 70 kDa, but not of 150 kDa, whereas spheroplasts took up both components. The rate of uptake of 70 kDa dextrans by spheroplasts was about three times higher than that by intact cells. Pretreatment of intact cells with dithiothreitol (DTT) or EDTA increased the rate of uptake of 70 kDa dextrans considerably, but 150 kDa dextrans were still excluded. Release of periplasmic invertase activity into the medium by glucose-derepressed cells was negligible in control cell suspensions, but was strongly stimulated in the presence of DTT. The released invertase had an apparent molecular mass of 320 kDa, indicating that the dimeric form was released. In the presence of EDTA only a slight increase in the release of invertase was observed. Pretreatment with DTT was accompanied by an increased loss of cell wall proteins. This suggests that the loss of mannoproteins, in combination with a more general opening up of the wall by reducing disulphide bridges, increases cell wall porosity. It is argued from the Stokes radius of 70 kDa dextran (5.8 nm) that yeast cell walls are, in principle, permeable to globular proteins with a molecular mass up to 400 kDa. .466reviations: BSA, bovine serum albumin; FD, FITC-dextran ; FITC, fluorescein isothiocyanate. 0001-5211 0 1989 SGM Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Thu, 06 Dec 2018 21:38:15 2078 J . G . D E NOBEL A N D OTHERS METHODS Yeast strain and growth. Saccharomyces cerevisiae X2180-1A was obtained from the Yeast Genetic Stock Center, Berkeley, California, USA, and grown at 28 "C in YPG medium [I % (w/v) yeast extract, Gibco; 1 % (w/v) bactopeptone, Difco; 3% (w/v) glucose]. Cells were harvested in the early exponential phase (OD530 approximately 2).
INTRODUCTION
Saccharomyces cerevisiae offers many advantages as a host for the production of heterologous proteins (Das & Schultz, 1987) , but its rigid cell wall prevents the easy recovery of such proteins. Therefore, secretion of heterologous proteins into the culture fluid is highly advantageous (Nishizawa et al., 1987) . Efficient plasma membrane passage can be obtained by using yeast secretion signals (Smith et al., 1985 b) . Efficient cell wall passage, however, seems to depend on the molecular size of the proteins. For instance, Wood et al. (1985) showed that transformed yeast cells secrete Ig light chains (28 kDa) more efficiently than Ig heavy chains (63 kDa). Data about maximum molecular sizes permitting passage through the cell wall are contradictory. Scherrer et al. (1974) state 700 Da as the maximum size allowing a molecule to diffuse freely through the yeast cell wall. However, there are numerous examples of secretion of larger molecules into the medium, although with variable efficiencies, such as the heterologous proteins interferon (20 kDa; Hitzeman et al., 1983) , a-amylase (42 kDa; Rothstein et al., 1984) , Ig-chains (28 or 63 kDa; Wood et al., 1985) and prochymosin (60 kDa; Smith et al., 1985b) . Basu et al. (1 986) even found the secretion of a 320 kDa homologous protein in an auxotrophic yeast mutant. Zlotnik et al. (1984) used the susceptibility of yeast to lytic enzymes, P-glucanase (58 kDa) and peroxidase (40 kDa), as a measure of cell wall porosity. They showed that the mannoproteins in the yeast cell wall act as a barrier to these enzymes. In this work, we have used the uptake of FITC-conjugated macromolecules (FITC-dextrans) and the release of the periplasmic enzyme invertase as indications of yeast cell wall porosity. present can then easily pass the cell membrane. After incubation, the cells were washed with 10 mM-Tris/HCl, pH 7.8, and converted to spheroplasts. Spheroplasts, washed with 10 mM-Tris/HCl, pH 7.8, containing I Msorbitol, were lysed in distilled water. Subsequently, the lysate was precipitated in 80% (v/v) ethanol for 16 h at 4 "C. After washing the precipitate with 96% (v/v) ethanol, it was resuspended in 10 mM-Tris/HCl, pH 7.8, and centrifuged for 1 rnin at 1OOOOg. The supernatant was filtered (Nihon Millipore HV 0-45 pm, Kogyo KK), and applied to a Superose 6 column (10 x 300 mm; Pharmacia), equilibrated and run in 150 mM-Na,SO,, 10 mMsodium phosphate buffer, pH 7.4,10 mM-n-octyl-/?-D glucopyranoside at a flow of 0.25 ml rnin-l. Fractions of 1 ml were collected and assayed for FITC fluorescence. When spheroplasts were used for FITC-dextran uptake experiments, incubation and washings were performed in the presence of 1 M-sorbitol.
Efect of DTT, EDTA and spheroplasting on FITC-dextran uptake. Cells (5 x lo8 ml-l) were treated for 30 rnin at 4 "C with 100 mM-DTT or 250 mM-EDTA in 20 m-HEPES, pH 7.2. They were then washed three times with 20 mM-HEPES, pH 7.2, containing 0.14 M-NaCl. Treated cells were incubated for 30 rnin at 37 "C or 0 "C in YPG buffered with 20 mM-HEPES, pH 7.2, and containing 25 mg FITC-dextran ml-l. The pH remained stable during incubation. After incubation, the cells were washed at least five times with 20 mM-HEPES, pH 7.2, containing 0.14 M-NaCl to remove non-internalized FITC-dextran. This was microscopically checked with an Olympus phase-contrast microscope with an epifluorescence attachment. Washed cells were lysed with 0.1 25 mg Zymolyase 20T per ml 10 mM-Tris/HCI, pH 7.8, for 30 rnin at 37 "C. The lysates were taken up in 2.5 mlO.O8% (w/v) SDS in 10 mM Tris/HCl, pH 7.8, and assayed fluorometrically. Uptake of FITC-dextrans was defined as fluorescence after incubation at 37 "C minus fluorescence after incubation at 0 "C. When spheroplasts were used in uptake experiments, incubation and washings were performed in the presence of 1 M-sorbitol.
Release of invertase activity. Cells were derepressed by transferring early exponential phase cells from YPG medium to the same medium with 0.2% (w/v) glucose. Cells were incubated for 30 rnin at 28 "C. As a control, cells were pelleted and resuspended in their own medium. After induction, cells were harvested, washed and treated with 20 mM-DTT or 100 mM-EDTA in 10 mM-Tris/HCI, pH 7.8, for 30 min at 4 "C. Treated cells were pelleted for 5 min at 1OOOOg. The resulting supernatant fraction was dialysed against distilled water and assayed for released invertase activity. The pelleted cells were washed with 10 m-Tris/HCl, pH 7.5, containing 1 M-sorbitol, and subsequently treated with Zymolyase 20T to produce spheroplasts. After pelleting the spheroplasts, the supernatant was dialysed against distilled water and assayed for retained periplasmic invertase activity. Zymolyase 20T itself did not contain detectable invertase activity.
Invertase assay. Invertase activity was assayed with sucrose as substrate as described by Goldstein & Lampen (1975) except that the resulting reducing sugars were determined by the Nelson-Somogyi method (Spiro, 1966) . One unit of invertase activity was defined as the amount of enzyme which hydrolyses sucrose to produce one kmol glucose min-' at 30 "C and pH 5. HP geljiltration of invertase. A TSK G4000SW column (7.5 x 600 mm; LKB) eluted with 100 m -N a 2 S 0 4 , 20 mhl-sodium phosphate buffer, pH 6.8, at a flow rate of 0.25 ml min-' was used for gel filtration. Fractions of 1 ml were collected and assayed for invertase activity.
Fluorometry. Fluorometry was performed with a Perkin-Elmer LS-5 fluorometer. Emission was measured at a wavelength of 526 nm (slit 20 nm) with an excitation wavelength of 496 nm (slit 2-5 nm).
Viability. Cell viability was determined by plating a dilution series of (treated) cells on YPG-agar (2%, w/v, agar in YPG medium). After 2 d of growth at 28 "C, colonies were counted. SDS-PAGE. SDS-electrophoresis in 2.2-20% polyacrylamide gradient gels was performed as described by Laemmli (1970) . Gels were stained by silver staining as described by Morrissey (1981) 
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Chemicals. FD70 (lot 97F-0599; 71.6 kDa; 3 mmol FITC per mol glucose) and FD150 (lot 126F-0144; 148.9 kDa; 5 mmol FITC per mol glucose) were from Sigma. BSA, DTT and cycloheximide were also from Sigma; FITC was from Merck.
RESULTS

FITC-dextran uptake
The following experiments demonstrate that cells of S. cerevisiae are capable of internalizing intact FD70. Spheroplasts were incubated with FD70, washed and subsequently lysed. The lysate was ethanol-precipitated to remove possible impurities. The precipitate was resuspended in buffer and applied to a Superose 6 gel filtration column (size exclusion for globular proteins approximately 2 x lo7 Da), and the fluorescence of the collected fractions was measured. The elution pattern ( Fig. lb) showed that the material that was internalized eluted at the same position as FD70 ( Fig. la ). Intact cells were incubated with FD70, washed, converted to spheroplasts and again washed. The spheroplasts were lysed ; the lysate was ethanol-precipitated and the ethanol-insoluble material was applied to the gel filtration column. It also eluted at the same position as FD70 ( Fig. lc) , indicating that intact cells also internalized FD70.
Preston et al. (1987) showed that commercially available FD can be contaminated with free FITC and other low-molecular-mass fluorescent compounds, which might be responsible for apparent uptake of FITC-dextran as reported by Makarow (1985) . Therefore, we checked our FD batches for impurities before uptake experiments were performed. Gel filtration of FD on a PDlO Sephadex G-25M column, eluted with distilled water, showed that at least 99.9% of the fluorescence eluted in the void volume (data not shown). The remainder eluted, like free FITC, in the total volume of the column. The amount of fluorescing material in the total volume was not capable of causing detectable cell fluorescence, in contrast to the material eluting at the void volume (data not shown). When intact cells were incubated with an amount of free FITC equivalent to dextran-bound FITC, the cells were clearly labelled. Washed cells were converted to spheroplasts. Washed spheroplasts were lysed and ethanol-precipitated, and the precipitate was applied to the Superose 6 gel filtration column. No fluorescence could be detected in the ethanol precipitate ( Fig. 1 c) . In summary, the material internalized by cells and spheroplasts is insoluble in 80% (v/v) ethanol and has the same apparent molecular mass as FD70 ( Fig. 1 ). Therefore we conclude that cells and spheroplasts are capable of internalizing intact FD70. By fluorescence microscopy we found (data not shown) that the fluorescent marker was localized in the vacuole when glucose was available in the incubation mixture. The fluorescent marker was mainly localized in the cytoplasm when glucose was absent, as also reported by Makarow & Nevalainen (1987) .
Incubation of cells at 37 "C with different concentrations of FD70 showed that FD70 uptake could not be saturated (Fig. 2) , which suggests fluid phase uptake of this substrate (Steinman et al., 1974) . Since incubation at 0 "C resulted in background fluorescent labelling of the cells (Fig.  2) , probably due to the presence of damaged cells, in further experiments all values obtained at 37 "C were corrected for fluorescence found at 0 "C. The mean uptake rate of fluid phase by intact cells as derived from FD70 uptake was 37 nl per lo8 cells h-l at pH > 7, (SEM = 6.55 ; n = 5). This is in the same order of magnitude as fluid phase endocytosis measured with Lucifer-yellow in yeast cells (30 nl per lo8 cells h-l ; Riezman et al., 1986) . Fig. 2 clearly shows that spheroplasts took up FD70 at a higher rate than intact cells. A further quantitative analysis of this phenomenon is presented in Table 1 . Although the absolute increase in FD uptake varied between different experiments due to different cell numbers, the relative increase was reproducible. Spheroplasts showed an almost threefold increase in FD70 uptake as compared to intact cells, indicating that the cell wall acts as a barrier to uptake of FD70. Treatment of intact cells with 100 mM-DTT or 250 mM-EDTA resulted in a comparable increase of FD70 uptake (Table 1 ). Since FD uptake was not affected when spheroplasts were treated with DTT or EDTA (data not shown), the conclusion is that these treatments affect cell-wallrather than membrane-passage by FITC-dextrans. We also treated cells with LiCl because this is generally used to promote DNA uptake by intact cells (It0 et al., 1983) . Treatment with 1 LiCl, which did not affect cell viability, did not result in a significant increase in FD70 uptake (data not shown). FD150 was not taken up by intact cells, or by DTT-or EDTA-treated cells. However, spheroplasts were capable of taking up FD150 (Table l) , which indicates that the cell wall acts as a barrier to the uptake of FD150.
Release of periplasmic invertase activity
Invertase activity was induced by transferring cells from 3 % glucose to 0.2 % glucose in Y PG medium. The periplasmic invertase activity of induced S. cerevisiae cells was about 15 000 units per 100 mg fresh weight as determined by spheroplasting the cells (Table 2 ). It is likely that this activity was formed before spheroplast formation, because when spheroplasting was carried out 2.9 f 0.78 3.9 * 1.11* * Since intact cells did not take up FD150, the increase in uptake of FD150 by spheroplasts compared to intact cells is presented as the ratio of fluorescence of spheroplasts at 37 "C to the fluorescence of intact cells at 37 "C.
Table 2. Release of invertase activity into the medium by glucose-derepressed yeast cells
As a control, glucose-repressed cells were treated in the same way as derepressed cells. The medium contained about 50 units of invertase activity and spheroplasting released another 1200 units. The activities of derepressed cells were corrected for these values. Results are the mean f SEM of three independent experiments.
x Invertase activity (units per 100 mg fresh weight) in the presence of cycloheximide (10 pg rnl-l), the invertase activity released into the medium did not decrease (data not shown). Glucose-repressed cells contained a 15-fold lower invertase activity than induced cells. Only 1.1 %of invertase activity was released into the medium during a 30 min treatment of the cells with 10 mM-Tris/HCl, pH 7.8 (Table 2) . When cells were treated in the same way in the presence of 100 mM-EDTA, there was a slight increase in release of invertase activity. However, when the cells were treated with 20 mM-DTT, almost 30% of the invertase activity was released into the medium. Comparable treatment of the cells with 1 M-Licl did not result in a significant release of invertase activity (data not shown).
The DTT-released invertase activity was analysed by gel filtration (Fig. 3) . The molecular mass of DTT-released invertase was 320 kDa, which corresponds to the dimeric periplasmic form of invertase (Esmon et al., 1987 : Tammi et al., 1987 . Invertase activity could not be detected when non-induced cells were treated with DTT (Fig. 3) . The invertase activity which was retained by the cells during DTT treatment eluted with an average apparent molecular mass of 590 kDa (Fig. 3) .
In the following experiment the effects of EDTA and DTT on the release of cell wall mannoproteins were studied. A 30 min treatment of intact cells with 10 mM-Tris/HCl, pH 7.8, released about 25 pg protein per 100 mg fresh weight. No significant increase was detected when the cells were treated with 100 mM-EDTA in the same buffer. Treatment of the cells with 20 mM-DTT resulted in a threefold increase of protein released (80p.g per 100mg fresh weight). Thyroglobulin (T, 669 kDa), IgG (I, 150 kDa) and ovalbumin (0,45 kDa) were used as molecular mass markers. The void volume and total volume of the column were at 10.7 ml and 27.0m1, respectively. Analysis of the extracts by SDS-PAGE (Fig. 4) showed that DTT released many additional polypeptides from intact cells compared to the polypeptides freed by buffer alone. Their molecular masses varied between 20 and 150 kDa. None of these treatments affected cell viability (data not shown). et al. (1987) showed that cell labelling after incubation with FD70 at pH 5.5 could be due to diffusion of contaminating FITC and other low-molecular-mass impurities into the cell instead of being due to endocytosis of FD70. For several reasons, we believe that under our experimental conditions cell labelling was due to endocytotic uptake of FITC-dextrans. First, FD70 was taken up by intact cells but FD150 was not (Table l) , although both FD-batches showed the same degree of contamination with low-molecular-mass fluorescent compounds. Therefore, this low amount of contamination does not seem to be responsible for cell labelling. This was confirmed by the fact that contaminating fluorescent compounds isolated by means of gel filtration, when presented at the same concentration as in FD70-uptake experiments, did not result in labelling of intact cells. Second, intact FD70 was shown to be internalized by spheroplasts and intact cells (Fig. 1) . The internalized material was insoluble in 80% (v/v) ethanol and eluted in gel filtration at the same position as FD70. Third, as uptake of free FITC is highly pH dependent, all incubations were performed at pH 7. Cell suspensions were shaken during incubation to assure aeration, which explains why the pH did not drop during the incubation period as was reported by Preston et al. (1987) . At neutral pH free FITC is negatively IP: 54.70.40.11
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charged (Martin & Lindqvist, 1975) which inhibits membrane-passage by means of diffusion. Fourth, the rate of fluid phase uptake by intact cells (37 nl per lo8 cells h-' at pH >7) as calculated from FD70 uptake was in the same order of magnitude as reported for endocytotic uptake as measured with Lucifer-yellow in yeast cells (Riezman, 1985; Riezman et al., 1986) . We conclude that yeast cells are capable of endocytosis of FITC-dextrans. Removal of the cell wall results in a threefold increase in FD uptake (Fig. 2, Table l) , indicating that the cell wall acts as a barrier to FD uptake. A similar result was obtained by Makarow (1985) who showed a fourfold increase in endocytosis of a-amylase (54-8 kDa) by spheroplasts compared to intact cells. A considerable increase in uptake of FD70 was also detected when intact cells were treated with 100 mM-DTT or 250 mM-EDTA (Table 1) . These treatments did not affect the passage of FITC-dextrans through the membrane but affected passage through the cell wall. Although DTT and EDTA treatments increased cell wall porosity to FD70, they did not make FD150 uptake possible. FD150 was only internalized by spheroplasts (Table 1) .
We also used the release of periplasmic invertase to study cell wall porosity. S. cerevisiae contains two forms of invertase, a cytoplasmic unglycosylated form which is expressed constitutively and a secreted glycosylated form which is subjected to catabolite repression (Dodyk & Rothstein, 1964) . The secreted invertase is highly retained in the periplasmic space (Esmon et al., 1987 ; Tammi et al., 1987) . A periplasmic invertase of about 320 kDa was released by treatment of cells with DTT ( Fig. 3 , Table 2 ). Esmon et al. (1987) showed release of underglycosylated invertase in a mnn9 mutant after treatment with another thiol reagent, pmercaptoethanol. Saccharomyces fragilis invertase could also be released by /I-mercaptoethanol (Kidby & Davies, 1970) .
Most known periplasmic enzymes in yeast have a molecular mass of at least 250 kDa (Tanner & Lehle, 1987) , which might be high enough to retain them in the periplasmic space. However, Esmon et al. (1987) proposed that oligomerization of periplasmic enzymes such as invertase and acid phosphatase prevents leakage of these molecules into the medium. In accord with this proposal, we found that only 28 % of total periplasmic invertase activity was released after DTT treatment ( Table 2 ). The invertase activity retained after DTT treatment was of a higher molecular mass than the DTT-released invertase (Fig. 3) .
According to Esmon et al. (1987) no disulphide bonds are involved in invertase oligomerization. We conclude that the reduction of disulphide bridges in the yeast cell wall is responsible for leakage of periplasmic invertase into the medium. This could be due to the formation of pores caused by the release of cell wall proteins (Fig. 4) , by a more general opening of the wall due to the reduction of intermolecular disulphide bridges, or both.
There was only a slight increase in invertase release due to treatment with EDTA, although this treatment stimulated the uptake of FITC-dextrans equally as well as did DTT. A possible explanation is that EDTA opens up the wall by the removal of divalent cations which form bridges between negative charges such as the multiple phosphate groups in the mannan sidechains of mannoproteins (Ballou, 1976) . Invertase, which itself carries many electrical charges, in contrast to FITC-dextran, might then be retained by interacting with the electrical charges in the mannoprotein layer.
When one compares the Stokes radii of dextran molecules (Granath & Kvist, 1967) with those of globular proteins (Siege1 & Monty, 1966), 70 kDa dextrans (Stokes radius 5.8 nm) are comparable with 400 kDa proteins, and 150 kDa dextrans (Stokes radius 8.2 nm) with 2000 kDa proteins. The fact that intact cells are capable of internalizing FD70 suggests that the yeast cell wall is permeable to globular proteins with a molecular mass of about 400 kDa. Nevertheless, invertase, of molecular mass 320 kDa, can only be released after DTT treatment of intact cells. There are also numerous reports of smaller proteins which are not secreted, or are secreted with low efficiencies, into the medium although plasma membrane passage has occurred (see Introduction). Therefore it seems plausible that not only pore size of the cell wall but also characteristics of the secreted protein other than molecular mass, such as glycosylation and charge, are important in determining whether a secreted protein can pass the yeast cell wall to enter the medium.
